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　[CO2] and [HCO3－] obtained by varying Pco2 in oxygenated or deoxygenated blood 
were designated by [CO2]p(ox) or [CO2]p(deox) and [HCO3－]p(ox) or [HCO3― ]p(deox).  The 
Haldane effects of [CO2] and [HCO3－] were obtained by subtracting [CO2]p(ox) from 
[CO2]p(deox) and [HCO3－]p(ox) from [HCO3－]p(deox).  [CO2] and [HCO3－] measured in 
blood at steady state in vivo have Pco2-dependent respiratory components and Pco2-
independent metabolic components.  The former components, designated by [CO2]* and 
[HCO3－]*, depend on O2 saturation and contain the Haldane effects.  Thus, the venous-
arterial differences for [CO2]* and [HCO3－]*, designated by va[CO2]* and va[HCO3－]*, 
have the Haldane effect components (va[CO2]HE and va[HCO3－]HE) and the 
Pco2-dependent components (va[CO2]p and va[HCO3－]p).  Here, we have attempted to 
derive  the  Haldane  effects  ([CO2]HE  and  [HCO3－]HE)  from  the  differences 
va[CO2]*－va[CO2]p and va[HCO3－]*－va[HCO3－]p.  In the narrow venous-arterial Pco2 
range the ratios va[CO2]p/va[CO2]* and va[HCO3－]p/va[[HCO3－]* are usually taken to be 
constant.  Thus, values for forty five pairs of Paco2 and Pvco2 were calculated from the 
equation for the ventilation/perfusion (V
毅
A/Q
毅
c) ratio using V
毅
A/Q
毅
c ratios ranging from 0.7 to 
1.1 and values for Paco2 of 34 to 48 mmHg.  From the ratios (va[CO2]*－va[CO2]p)/va[CO2]*
and (va[HCO3－]*－va[HCO3－]p)/va[CO2]*, [CO2]HE and [HCO3－]HE were obtained. The 
calculated values for [CO2]HE and [HCO3－]HE agreed well with those measured in 
oxygenated and deoxygenated blood, demonstrating the validity of the equations for 
[CO2]* and [HCO3－]*.  Moreover, it was established that [CO2]HE and [HCO3－]HE in vivo 
are proportonal to the respiratory quotient. 
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INTRODUCTION
　Previously, we measured [CO2] and [HCO3－] 
in oxygenated or deoxygenated blood, desig-
nated by [CO2]p and [HCO3－]p, using gas 
analysis and derived the Haldane effects 
[CO2]HE and [HCO3－]HE by subtracting [CO2]p 
and [HCO3－]p in oxygenated blood from those 
in deoxygenated blood, respectively.1),2) Later, 
we measured [CO2] and [HCO3－] in blood at 
steady state in vivo and designated these by 
[CO2]* and [HCO3－]*3),4). At steady state in 
normoxia the venous-arterial (v-a) difference 
in [CO2]*, designated by va[CO2]* increases 
with an increase in a-v difference in O2 content. 
Since va[CO2]* has a Haldane effect compo-
nent  va[CO2]HE  besides  a  Pco2-dependent 
component va[CO2]p, va[CO2]* increases with 
an increase in venous Pco2 and becomes 
greater than va[CO2]p, as indicated by the 
physiological CO2 dossociation curve 5),6),7). The 
v-a difference in [HCO3－]* also becomes 
greater than the Pco2-dependent component of 
va[HCO3－]*, i.e. va[HCO3－]p by the Haldane 
effect component va[HCO3－]HE. In a narrow 
Pco2  range between Paco2 and Pvco2, the ratios 
va[CO2]p/va[CO2]*  and  va[HCO3－]p/va[CO2]* 
were taken to be independent of Pco2. Thus, to 
verify the validity of the equations for [CO2]* 
and [HCO3－]*, we have derived [CO2]HE and 
[HCO3－]HE  from  the  ratios  (va[CO2]*－
va[CO 2] p) /va[CO 2 ]* and (va[HCO 3－ ]*－ 
va[HCO3－]p)/va[CO2]*, and compared them 
with [CO2]HE and [HCO3－]HE obtained from the 
differences in [CO2]p and [HCO3－]p between 
oxygenated  and  deoxygenated  blood.  In 
normal blood the relationship between Paco2 
and Pvco2 is calculated from the equation for 
the alveolar ventilation/perfusion ratio, i.e. 
V
毅
A/Q
毅
c
8). Hence, va[CO2]*, va[CO2]p, va[HCO3－]* 
and va[HCO3－]p were easily calculated from 
their respective exponential equations of Pco2, 
and [CO2]HE and [HCO3－]HE were successively 
obtained.
　The calculated values for [CO2]HE and 
[HCO3－]HE agreed well with those measured in  
oxygenated  and  deoxygenated  blood, 
verifying the validity of the equations for 
[CO2]* and [HCO3－]*. All the components of 
[CO2]* and [HCO3－]* were expressed by 
exponential functions of Pco2.  Furthermore, it 
was found that [CO2]HE and [HCO3－]HE in vivo 
were proportional to the respiratory quotient. 
METHODS
　Abbreviations  used  are  defined  in  Table 1. 
In 1983 [CO2]p and [HCO3－]p were measured at 
five Pco2 levels ranging from 8 to 97 mmHg in 
oxygenated and deoxygenated blood sampled 
from  seven  young  adult subjects2).  In  Fig.  1, 
the broken lines show [CO2]p and [HCO3－]p 
measured in oxygenated and deoxygenated 
blood. [CO2]p and [HCO3－]p in deoxygenated 
blood were higher than those in oxygenated 
blood by the Haldane effect.  These were given 
by the following equations2) :
　[CO2]p(ox) = 3.93 Pco20.435, (mmol/l, blood),
 (1)
　[CO2]p(deox) = 4.54 Pco20.432, (mmol/l, blood), 
(2)
　[HCO3－]p(ox) = 3.78 Pco20.350, (mmol/l, blood), 
(3)
and 
　[HCO3－]p(deox) = 4.32 Pco20.336, (mmol/l, blood).
(4)
In 2004 we measured [HCO3－]* in normocarbic 
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blood from 151 elderly subjects whose mean 
age was 84.2 ± 6.3 (n=168) and 61 normal 
volunteers whose mean age was 38.4 ± 15.8 (n 
=71)3). The relationship of [HCO3－]* to Pco2 
was obtained from regression analysis as 
follows:
　[HCO3－]* = 2.57 Pco20.457, (mmol/l, blood). (5)
In vivo, the a-v difference in [O2] is given by 
multiplying the a-v difference in O2 saturation, 
designated by avSo2, by the O2 capacity, i.e. 
CapO2 (8.985 mmol/l,blood). Designating the 
respiratory quotient by RQ, va[CO2]* is given 
by RQ × avSo2 × CapO2. Since va[CO2]HE = 
[CO2]HE × avSo2,  the ratio va[CO2]HE/va[CO2]* 
is given by
　va[CO2]HE/va[CO2]* = [CO2]HE/(RQ × CapO2).
 (6)
[CO2]HE calculated from Eqs. (1) and (2) 
depends not only on So2, but also on Pco2. 
However,  [CO2]HE/CapO2  is  approximately 
taken to be 0.328 in the physiological Pco2 
range of 35 to 55 mmHg. Morover, in vivo, 
va[CO2]*= va[CO2]p + va[CO2]HE and va[CO2]HE 
= 0.328 va[O2]. Thus, the following equation is 
derived from Eq. (6), when RQ = 1.0:
　va[CO2]*=va[CO2]p/0.672 (mmol/l,blood).   (7)
From Eqs (1) and (7), [CO2]* was expressed by 
　Fig. 1. 
Regression lines of [CO2] and [HCO3－] against 
Pco2. The solid lines show [CO2]* and [HCO3－]* 
obtained in blood at steady state in human 
subjects3),4). The broken lines show [CO2] and 
[HCO3－] measured in oxygenated and deoxygen-
ated blood at 37oC1). 
Table 1.  Definition of abbreviations used.
[CO2]p(ox), [CO2]p(deox): [CO2] in oxygenated and deoxygenated blood
[CO2]*, va[CO2]*: [CO2] at steady state  in vivo and its venous-arterial (a-v) difference
[CO2]p, va[CO2]p: Pco2-dependent component of [CO2]* and its v-a difference 
[CO2]HE, va[CO2]HE: Haldane effect components of [CO2]* and its v-a difference
[HCO3－]p(ox), [HCO3－]p(deox): [HCO3－] in oxygenated and deoxygenated blood. 
[HCO3－]*, va[HCO3－]*: [HCO3－] at steady state  in vivo  and its v-a difference
[HCO3－]p, va[HCO3－]p: Pco2-dependent component of [HCO3－]* and its v-a difference
[HCO3－]HE, va[HCO3－]HE: Haldane effect components of [HCO3－]* and va[HCO3－]*
avSo2:  arterial-venous difference of O2 saturation
CapO2: O2 capacity (= about 9 mmol/l, blood)
RQ:  Respiratory quotient
Concentrations [CO2], [HCO3－] etc are expressed as mmol/l,blood
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the following equation4) :
　[CO2]*= 1.89 Pco20.632, (mmol/l, blood).         (8)
[CO2]* and [HCO3－]* are shown by the solid 
lines in Fig. 1. At arterial Pco2 (Paco2), those 
values are calculated by setting Paco2 in Eqs. 
(8) and (5), respectively. Since Paco2 is 
approximately equal to the alveolar Pco2 
(PAco2) in normal human subjects, va[CO2]* is 
calculated from the following equation for 
V
毅
A/Q
毅
c ratio8), using various Paco2 values and 
V
毅
A/Q
毅
c ratios:
　V
 毅
A/Q
毅
c= 863 × 22.26 × 10－3 va[CO2]*/Paco2. (9)
The solid lines in Fig. 2 shows [CO2]* and 
[HCO3－]*, where Paco2 was taken to be 42 
mmHg. va[CO2]* is obtained by setting the 
Paco2 in Eq. (9) together with V
毅
A/Q
毅
c. Adding 
va[CO2]* to [CO2]* at the Paco2 level ([CO2]*a), 
[CO2]* at the Pvco2 level ([CO2]*v) is readily 
obtained as follows: 
　[CO2]*v= [CO2]*a + va[CO2]*,(mmol/l, blood).
(10)
Setting [CO2]*v into Eq. (8), the venous Pco2 
(Pvco2) is obtained. Setting Pvco2 in Eq. (5), 
[HCO3－]* at the Pvco2 level ([HCO3－]*v) is 
readily obtained. Setting Paco2 and Pvco2 in Eqs. 
(1) and (2), va[CO2]p is obtained, and setting 
these in Eqs. (3) and (4), va[HCO3－]p is 
obtained.  The broken lines in Fig. 2 show 
va[CO2]p and va[HCO3－]p. The upper vertical 
difference between the solid and broken lines 
at the Pvco2 represents va[CO2]HE and the lower 
vertical difference represents va[HCO3－]HE. For 
obtaining the Haldane effects [CO2]HE and 
[HCO3－]HE, the following ratios were calculated 
at the Pvco2:
　va[CO2]HE/va[CO2]*
 = (va[CO2]*－va[CO2]p)/va[CO2]*,　(11)
　va[HCO3－]HE/va[CO2]* 
= (va[HCO3－]*－va[HCO3－]p)/va[CO2]*. (12)
　The ratio va[CO2]*/av[O2] is the respiratory 
quotient (RQ). When RQ is reduced from 1.0 to 
0.7 and Paco2 remains unchanged, va[CO2]* 
decreases by 30%, therefore, Pvco2 decreases 
from the level of RQ=1.0 to the level of RQ= 
0.7, whereas the ratios of Eqs. (11) and (12) 
remain unchanged.  Furthermore, the av[O2] is 
given by multiplying the a-v difference in O2 
saturation (avSo2) by the O2 capacity, which is 
designated by CapO2. Thus, va[CO2]* is 
expressed as follows:
　va[CO2]*=RQ × avSo2 × CapO2,
(mmol/ l,blood).　(13)
　Fig. 2. 
Graphical presentation of va[CO2]* and va[HCO3－]*
and their Haldane effect components. The solid 
lines are [CO2]* and [HCO3－]* and the broken 
lines are va[CO2]p and va[HCO3－]p, where Paco2 
= 42  mmHg.   At  Pvco2;  va[CO2]HE  = va[CO2]* －
va[CO2]p and va[HCO3－]HE = va[HCO3－]* － va 
[HCO3－]p.
－55－
Haldane Effect at Steady State in vivo
Let the mean Pco2 between Paco2 and Pvco2 be 
mPCO2 and the Haldane effect at mPco2 be 
[CO2]HE.  Since va[CO2]HE = [CO2]HE × avSo2, 
the ratio va[CO2]HE/va[CO2]* is given by the 
similar equation to Eg.(6) as follows:
　va[CO2]HE/va[CO2]*=[CO2]HE/(RQ × CapO2).
(14)
Likewise, designating the Haldane effect of 
[HCO3－] at the mPco2 by [HCO3－]HE, the ratio 
va[HCO3－]HE/va[CO2]* is given by
　va[HCO3－]HE/va[CO2]*=
[HCO3－]HE /(RQ × CapO2).　(15)
 
The ratios of the left hand side of Eqs. (14) and 
(15) are calculated from Eqs. (11) and (12), 
respectively.  Therefore, [CO2]HE and [HCO3－]HE 
of Eqs. (14) and (15) are obtained by 
multiplying these ratios by RQ × CapO2.  On 
the other hand, [CO2]HE is obtained by 
subtracting  [CO2]p(ox)  of  Eq.  (1)  from 
[CO2]p(deox) of Eq. (2) and [HCO3－]HE is 
obtained by subtracting [HCO3－]p(ox) of Eq. (3) 
from [HCO3－]p(deox) of Eq. (4). Thus, to verify 
the validity of [CO2]* of Eq. (8) and [HCO3－]* 
of Eq. (5), [CO2]HE and [HCO3－]HE obtained 
from Eqs. (14) and (15) were compared with 
those obtained from [CO2]p and [HCO3－]p 
measured in oxygenated and deoxygenated 
blood  in vitro.
RESULTS
　The relationship between Paco2 and va[CO2]* 
was first obtained from Eq. (9), using Paco2 
values ranging from 34 to 48 mmHg and a 
V
毅
A/Q
毅
c ratio ranging from 0.7 to 1.1.  Next, Pvco2 
was obtained from va[CO2]* by using Eqs. (10) 
and (8). Values for forty five pairs of Paco2 and 
Pvco2 were then obtained as shown in Fig. 3. 
Setting these in Eqs. (1), (3), (5) and (8), 
va[CO2]p, va[HCO3－]p, va[HCO3－]* and va[CO2]* 
were respectively obtained and the ratios 
va[CO2]HE/va[CO2]* and va[HCO3－]HE/va[CO2]* 
　Fig. 3. 
The relationship between Paco2 and Pvco2 obtained 
from the equation for V
毅
A/Q
毅
c ratios of 0.7, 0.9 and 
1.1.8)
　Fig. 4. 
The ratios va[CO2]HE/va[CO2]* and va[HCO3－]HE/
va[CO2]* plotted against mPco2=(Paco2 + Pvco2)/2, 
calculated from the mathematical model shown in 
Fig. 2.
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were then calculated from Eqs. (11) and (12). 
These ratios were well correlated with mPco2 
(= (Paco2 + Pvco2)/2), as shown in Fig. 4. The 
regression  functions  were  given  by  the 
following  equations:
　va[CO2]HE/va[CO2]*=0.068 mPco20.409,　     (16)
and 
　va[HCO3－]HE/va[CO2]*=0.068 mPco20.164.   (17)
Since CapO2 is 8.985 mmol/l in normal blood, 
[CO2]HE and [HCO3－]HE were easily obtained by 
multiplying the ratios of Eqs. (16) and (17) by 
(RQ × CapO2), respectively.  In blood at steady 
state, [CO2]HE and [HCO3－]HE were proportional 
to RQ, as shown in Fig. 5. When RQ = 1.0, 
these were approximated by the following 
equations.
　[CO2]HE=0.611 mPco20.409, (mmol/l,blood),  (18)
and
　[HCO3－]HE=
0.614 mPco20.164, (mmol/l,blood).　(19)
The difference between [CO2]p(deox) of Eq. (2) 
and [CO2]p(ox) of Eq. (1), designated by 
[CO2]HE(m), was derived as follows:
　[CO2]HE(m)=0.612 Pco20.411, (mmol/l,blood),
 (20)
and the difference between [HCO3－]p(deox) of 
Eq. (4) and [HCO3－]p(ox) of Eq. (3), denoted by 
[HCO3－]HE(m), was obtained as follows:
　[HCO3－]HE(m)=0.633 Pco20.167, (mmol/l, blood).
 (21)
[CO2]HE of Eq. (18) agreed well with [CO2]HE(m) 
of Eq. (20) and [HCO3－]HE of Eq. (19) agreed 
well with [HCO3－]HE(m) of Eq. (21), demon-
strating the validity of [CO2]* (Eq. 8) and 
[HCO3－]*(Eq.5). The ratio [HCO3－]HE/[CO2]HE 
calculated from Eqs. (18) and (19) was 
expressed by the following equation: 
　[HCO3－]HE/[CO2]HE = mPco2－0.245.                  (22)
The above ratio ranged from 0.38 and 0.42 in 
the physiological mPco2 range of 35 to 55 
mmHg.  The similar ratio values were obtained 
from Eqs. (20) and (21) as follows:
　[HCO3－]HE(m)/[CO2]HE(m)= 1.034 Pco2－0.244.
 (23)
The ratio [HCO3－]HE/[CO2]HE of Eq. (22) was 
about 96% of that of Eq. (23) in the mPco2 
range of 35 to 55 mmHg.
DISCUSSION
　About two decades ago we measured [CO2] 
and [HCO3－] in oxygenated and deoxygenated 
blood by varying Pco2. At that time [CO2] and 
[HCO3－] were expressed by the four exponen-
　Fig. 5. 
[CO2]HE and [HCO3－]HE calculated from Eqs. (18) 
and (19) at four RQs between 0.7 and 1.0.
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tial functions of Pco2 shown by Eqs. (1) to (4) 2). 
Later, we made measurments of [CO2] and 
[HCO3－] in a number of elderly patients and 
normal volunteers.3),4) At the steady state, 
[HCO3－]*, obtained through regression analy-
sis, could be expressed by the exponential 
functions of Pco2 as shown by Eq. (5)3).  Since 
va[HCO3－]*  was  linearly  proportional  to 
va[CO2]p　in the narrow Pco2 range between 
Paco2 and Pvco2, [CO2]* was obtained by taking 
the ratio  va[CO2]HE/va[CO2]* to  be  constant 4). 
va[CO2]* is given by avSo2 × RQ × CapO2, and 
comprises va[CO2] p and va[CO2]HE. Since 
va[CO2]HE is proportional to avSo2, [CO2]HE was 
calculated by multiplying the ratio (va[CO2]*－
va[CO2]p)/va[CO2]* by (RQ × CapO2), as shown 
in Eq. (14). Similarly, since va[HCO3－]HE is 
proportional to avSo2, [HCO3－]HE was obtained 
by  multiplying  the  ratio  (va[HCO3－]*－
va[HCO3－]p)/va[CO2]* by (RQ × CapO2), as 
shown in Eq. (15). These ratios were taken to 
be constant in a narrow Pco2 range between 
Paco2 and Pvco2. In reality, however, these were 
dependent on mPco2 as shown by Eqs. (18) and 
(19), respectively.
　The accuracy of the expression for [CO2]HE 
was tested by comparing it with [CO2]HE(m), i.e. 
the difference between [CO2]p(deox) of Eq.(2) 
and [CO2]p(ox)of Eq.(1).  Similarly, the accuracy 
of the expression for [HCO3－]HE was compared 
with  the  value  obtained  by  subtracting 
[HCO3－]p(ox) of Eq.(3) from [HCO3－]p(deox) of 
Eq.(4).  [CO2]HE calculated from the difference 
va[CO2]*－va[CO2]p agreed well with that 
measured between oxygenated and deoxygen-
ated blood, as shown by Eqs. (18) and (20), and 
[HCO3－]HE  obtained  from  the  difference 
va[HCO3－]*－va[HCO3－]p also agreed well with 
that measured in oxygenated and deoxygen-
ated  blood  as  shown  by  Eqs.  (19)  and  (21). 
Overall, it is sure that all the components of 
[CO2] and [HCO3－] are accurately expressed by 
the exponential functions of Pco2.9)
　As shown in Fig. 4, the ratio va[CO2]HE/va[CO2]* 
is distributed around 0.3 in a Pco2 range of 35 
and 55 mmHg. It is sure that of the v-a 
difference of [CO2]*, about 30% is attributable 
to the Haldane effect, i.e. carbamino com-
pounds, as reported by West.10)
　At  the  steady  state  in  normal  plasma,  
[HCO3－] becomes equal to [HCO3－]* of Eq. (5). 
 Setting [HCO3－]* into the Henderson equa-
tion, pH in the above plasma, designated by 
pH*, is calculated as follows:
　pH*= 8.285 － 0.543 log Pco2.       　　     (24)
Since pH* is readily obtained from Eq. (24) by 
using measured Pco2, the metabolic acid-base 
status is readily estimated by the difference 
between measured pH and pH*. Namely, the 
fact that [HCO3－]* is given by the exponential 
function of Pco2 is very beneficial to quantify 
the acid-base imbalance.
　The author is indebted to Dr Ann Silver, 
Cambridge UK, for her helpful comments and for 
revising the manuscript.
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